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Abstract:
Compulsator is a n a m e defining a l a r g e family of high energy pulsed power r o t a t i n g machinery [l] .
The compensated pulsed a l t e r n a t o r s cover an extensive range of currents, voltages, pulse shapes, and a l s o frequency i n t h e case of multi-pulse generators.
The compulsator embodies t h e s i n g l e element philosophy combining i n one element t h e energy s t o r a g e , electromechanical energy conversion, and t h e power conditioning.
However, i n s i d e t h e machine such functions a r e done i n a "staged" manner. Two examples a r e given i n t h i s paper, in order t o i l l u s t r a t e such a philosophy of design: the f l a t pulse air-core comp u l s a t o r , and the high voltage two s t a g e uncompensated machine (uncompulsator) capable of reaching voltages above 100-kV level.
Iatreductiea
High energy, pulsed power s u p p l i e s a r e i n c r e a s i n g l y required i n d i f f e r e n t a p p l i c a t i o n s such as space launching, electromagnetic countermeasure systems , and industry. The one-element power supply must combine t h e energy storage, conversion and pulse shaping in a s i n g l e generator. I n two previous papers [ 2 , 3 ] t h e methods t o shape the time p r o f i l e of the output current f o r a given e x t e r n a l impedance were r e l a t e d t o t h e v a r i a t i o n in t i m e of both, t h e induced electromotive f o r e e and t h e i n t e r n a l impedance of the cornpulsator i t s e l f .
Functionally t h e r e a r e two general methods of pulse shaping: topological d i s t r ibutions of the a c t i v e conductors i n the machine and dynamic i n t e r a c t i o n s between a c t i v e conductors and between windings and shields.
The second method is a c t u a l l y a second s t a g e of the process, i n which the f i x e d d i s t r i b u t i o n s of a c t i v e and passive conductors i n t e r a c t during the discharge, achieving compensation and f l u x compression i n s e l e c t e d areas, leaving the f l u x unchanged in the rest of t h e machine, such areas changing i n time a s t h e machine turns.
Such an approach is i l l u s t r a t e d in t h e f i r s t design case.
In the second example a p a r t of the generator armature winding is short c i r c u i t e d , thus c r e a t i n g a sudden i n c r e a s e in e x c i t a t i o n a s a react i o n , and consequently a high voltage induced in t h e rest of t h e armature winding.
The Flat Pulse Compulsator
The f l a t p u l s e compulsator which is being designed f o r Task C of t h e armor antiarmor program is an air-cored machine.
The cross s e c t i o n of t h i s machine is shown in Figure 1 . The machine generates a flat-topped current pulse when connected t o a r a i l g u n ( 8 m long). The machine has two poles and is comprised of t h e e x c i t a t i o n f i e l d c o i l , a s i x conduct o r per pole, l a p wound armature winding, t h e compens a t i n g winding which is a l s o l a p wound and has 26 conductors per pole.
The compensating winding is shorted on i t s e l f .
The compensating winding with i t s a b i l i t y t o provide s e l e c t i v e dynamic f l u x compression is t h e component which enables t h e machine t o generate a flat-topped current pulse. A problem associated with t h i s p a r t i c u l a r conf i g u r a t i o n is t h a t c e r t a i n s e c t i o n s of t h e compensating winding experience a r a d i a l l y inward force.
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It is d i f f i c u l t t o support t h e compensating winding under t h e r a d i a l l y inward load without compromising machine performance.
This problem is b e t t e r understood by considering Figures 2 and 3 . Figure 2 shows the current in t h e armature winding and compensating winding as a function of t i m e . It is t o be noted t h a t t h e support s t r u c t u r e of t h e f i e l d c o i l is made of aluminum which is a good conductor. The support s t r u c t u r e a l s o s e r v e s t o exclude t h e discharge f i e l d s 
. Rotor p o s i t i o n a t 800 Us from t h e region of t h e f i e l d c o i l . This second funct i o n of t h e support s t r u c t u r e a l s o implies t h a t t h e r e
is a s i g n i f i c a n t t a n g e n t i a l component of t h e discharge magnetic f i e l d s between t h e compensating winding and t h e support s t r u c t u r e . This is the source of a r a d i a l l y inward f o r c e on t h e compensating winding.
Figure 3 shows t h e r o t o r p o s i t i o n a t 800 PS from t h e i n i t i a t i o n of discharge.
A t t h i s i n s t a n t t h e armature is in t h e minimum inductance position.
The magnetic f i e l d between t h e armature and compensating winding h a s a t a n g e n t i a l component which is higher than t h e t a n g e n t i a l component between the compensating winding and support s t r u c t u r e , t h e r e f o r e the r a d i a l f o r c e on t h e compensating winding is e n t i r e l y outward. 
In t h i s p o s i t i o n t h e f i e l d below t h e compensating winding over t h e s e c t o r of the p o l e spacer of t h e armature winding is predominantly r a d i a l . The f i e l d o u t s i d e t h e compensating winding is
s t i l l t a n g e n t i a l and t h e r e f o r e t h i s s e c t o r sees a r a d i a l l y inward force. There a r e two methods of overcoming t h i s problem, one mechanical and t h e second e l e c t r i c a l in nature. The f i r s t method i s t o use an e x t e r n a l r o t o r configuration shown in Figure 6 .
This configuration p l a c e s t h e banding on t h e armature winding r a d i a l l y outward.
The compensating winding can now be banded w i t h high s t r e n g t h composite m a t e r i a l t o p r o t e c t i t from t h e r a d i a l l y outward electromagnetic f o r c e s , thus maintaining t h e coupling between t h e armature and c o w pensating winding t h e same a s i n t h e case of the i n t e r n a l r o t o r machine.
The second s o l u t i o n is t o make t h e compensating winding out of shorted s i n g l e t u r n s r a t h e r than a l a p wound continuous wire. This configuration removes the c o n s t r a i n t t h a t t h e same compensating c u r r e n t must pass through each t u r n of t h e compensating winding.
The c u r r e n t on each of t h e s e t u r n s now follows a d i ff e r e n t p r o f i l e with time thus introducing s e v e r a l degrees of freedom. Figure 7 shows t h e current i n t h e armature windlng and a l s o t h e current in t h e various shorted compensating conductors.
The current in t h e compen-©1989 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE. F i g u r e 7. Current i n t h e armature winding and v a r i o u s compensating conductors s a t i n g t u r n s c l o s e s t t o t h e p o l e spacer have t h e shortest p u l s e width and t h i s p u l s e width i n c r e a s e s f o r conductors f u r t h e r away from t h e p o l e s spacer. T h i s v a r i a t i o n in p u l s e width is in accordance t o t h e v a r i a t i o n of t h e mutual coupling of t h e compensating t u r n s w i t h t h e armature windings. S i n c e t h e p u l s e width of t h e compensating c u r r e n t s c l o s e s t t o pole s p a c e r is reduced, t h e c u r r e n t in t h e s e conductors is s i g n i f i c a n t l y lower when t h e pole s p a c e r of t h e armat u r e winding is a l i g n e d w i t h them thus reducing t h e r a d i a l l y inward f o r c e s .
F i g u r e 8 shows t h e r a d i a l f o r c e d i s t r i b u t i o n in t h e compensating winding using s h o r t e d s i n g l e t u r n s f o r t h e r o t o r p o s i t i o n shown i n F i g u r e 4.
Rigb Voltage Generator
The high v o l t a g e g e n e r a t o r , schematically repres e n t e d in F i g u r e 9 , is t e c h n i c a l l y t h e e l e c t r o m a g n e t i c d u a l of a compulsator. 
Unlike t h e compulsator, which u s e s an a c t i v e or p a s s i v e compensating winding, t h i s machine h a s a laminated s t r u c t u r e and avoids any means
F i g u r e 9. Schematic of t h e h i g h v o l t a g e g e n e r a t o r
of s h i e l d i n g , using f i n e l y laminated ferromagnetic materials or making u s e of high s t r e n g t h , high s t i f fn e s s , low d e n s i t y composite materials such a s epoxy impregnated g r a p h i t e , g l a s s , or boron f i b e r s .
The o p e r a t i o n is based on t h e "constant f l u x l i n k a g e p r i n c i p l e " f o r s h o r t c i r c u i t s in synchronous machines. The magnetic f l u x is trapped and t h e magne-f l u x , @2 can be divided i n t o u s e f u l f l u x (+zU) and leakage f l u x ( 9~~) .
Assuming f o r s i m p l i c i t y t h a t the primary and t h e secondary number of t u r n s a r e equal--i.e.,
t h e r e s p e c t i v e primary and secondary usef u l inductances a r e equal, = Lu2 = Lu. Then,
A f t e r t h e r o t o r h a s turned with an angle a, a f t e r a t i m e i n t e r v a l :
The equations f o r t h e f l u x l i n k i n g t h e primary and secondary windings become: c u i t e d , t h e t h i r d phase w i l l produce a l a r g e voltage many times i t s r a t e d voltage.
The two s h o r t -c i r c u i t e d phases form a winding whose a x i s i s perpendicular t o t h e a x i s of t h e t h i r d (output) phase (Figure 10). When t h e switch S is closed, t h e two phases, B and C, a r e s h o r t c i r c u i t e d and t h e event i s s i m i l a r t o t h e sudden s h o r t c i r c u i t of a conventional synchronous machine.
The f l u x e s , c u r r e n t s , and electromotive f o r c e s add v e c t o r i a l l y f o r t h e two phases. Their r e s u l t i n g phasor makes an angle of 90' with t h e corresponding one f o r phase A ( f i g . 1 l a ) .
Figure 10. Disposition of t h e phase
windings ( e l e c t r i c angle)
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Figure l l a and l l b . P h a s o r i a l r e l a t i o n s h i p s between phase windings
The s h o r t c i r c u i t of phases I3 and C i n series can be considered a s a s i n g l e phase in t h e d i r e c t i o n of t h e r e s u l t a n t phasor ( f i g . I l b ) .
I f t h e s h o r t c i rc u i t occurs i n t h e moment i n which no f l u x of excitat i o n i s l i n k i n g t h e shorted armature w i n d i n g s -w e have t h e f i r s t c h a r a c t e r i s t i c position; i f i t occurs i n t h e moment i n which t h e maximum e x c i t a t i o n f l u x l i n k s t h e shorted armature w i n d i n g s -r e have t h e second c h a r a c t e r i s t i c position.
The e x c i t a t i o n (secondary) where 11, 1 2 = t h e instantaneous values f o r c u r r e n t s i n t h e s t a t o r and r o t o r , r e s p e c t i v e l y primary, secondary, and respect i v e l y f o r t h e common f l u x L l a , L2a and h = t h e leakage inductances f o r 01, 02 = leakage c o e f f i c i e n t s
Using r e l a t i o n (1) w e a r r i v e a t much simpler equations
The values become c r i t i c a l f o r c o s a = -1, 180" a f t e r t h e s h o r t c i r c u i t . These values a r e 2 -a1 -a2 The r e s u l t a n t f l u x in t h e c r i t i c a l moment i s produced by t h e e x c i t a t i o n , on t h e r o t o r and f o r c o s a = -1 ( a = 180').
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The p h y s i c a l p i c t u r e corresponding t o t h e f l u x and c u r r e n t r e l a t i o n s obtained above is:
1. For t h e f i r s t c h a r a c t e r i s t i c position--the armat u r e is without c u r r e n t and l i n k s no f l u x . The r e s u l t a n t f l u x produced is h a l f of t h e non-load f l u x , t h e o t h e r h a l f is produced by t h e e x c i t at i o n i n conjunction w i t h t h e armature winding, along t h e a i r g a p such t h a t two h a l v e s compensate i n t h e armature and add i n t h e e x c i t a t i o n member ( i n o u r c a s e r o t o r ) .
2.
For t h e second c h a r a c t e r i s t i c p o s i t i o n , t h e armature i s a t full c u r r e n t and l i n k s maximum f l u x , t h e two windings t r y i n g t o maintain t h e f l u x constant. Since a f t e r 180" ( h a l f period) t h e two f l u x e s have o p p o s i t e d i r e c t i o n s they tend t o compensate each other.
The r e s u l t i n g f l u x is almost zero, so t h e two windings nust produce t h e whole no-load f l u x along t h e a i r g a p path.
&e second s t a g e of t h e system involves producing t h e high v o l t a g e i n t h e t h i r d phase winding AA'.
A s shown i n f i g u r e s 10 and 11, t h e two s h o r t c i r c u i t e d phases form a winding whose a x i s is perpendicular t o t h e a x i s of t h e high v o l t a g e winding AA', and, cons e q u e n t l y they cannot induce t h e high v o l t a g e , being magnetically independent (decoupled).
Only t h e c u r r e n t in t h e e x c i t a t i o n winding (which i s on t h e r o t o r in our case) can induce t h e high voltage.
The r o t o r e x c i t a t i o n c u r r e n t a t t a i n s i t s maximum value a f t e r 90' i n t h e f i r s t c h a r a c t e r i s t i c p o s i t i o n and a f t e r 180" i n t h e second c h a r a c t e r i s t i c p o s i t i o n .
The maximum instantaneous emf i n phase AA' w i l l be reached i n t h e s e p a r t i c u l a r moments [ 9 0°( I ) ] and [ 1 8 0°( I I ) ] and t h e i r v a l u e s are:
f o r z e r o f l u x l i n k a g e a t t h e moment of t h e s h o r t c i rc u i t and
f o r t h e maximum i n i t i a l f l u x l i n k a g e where Vf = v o l t a g e , maximum v a l u e induced i n t h e output phase, v a l u e of t h e phase v o l t a g e o f t h e machine, and r a t i o between t h e leakage f l u x ( s l o t , a = -= end t u r n s , e t c . ) and t h e t o t a l f l u x ( l e a k a g e and u s e f u l ) .
V -s t e a d y -s t a t e , r o o t mean square (rms) @a @a -@U Table 1 shows t h e c h a r a c t e r i s t i c s f o r a d e s i g n of such a h i g h v o l t a g e , uncompensated pulsed generator. Table . Air c o r e h i g h v o l t a g e pulsed g e n e r a t o r ©1989 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.
